In this work we present an experimental investigation of the benets of double-shutter CCD's pixel binning option in double-frame particle image velocimetry experiments. The CCD binning process increases the sensitivity, signal-to-noise ratio and frame rate of the imaging sensor at the cost of spatial resolution. In order to explore the benets of the CCD pixel binning option, in low level illuminated particle image velocimetry measurements, we have carried out of series of ow velocity measurements experiments in 30 µm × 300 µm × 50000 µm microchannel using micro particle image velocimetry setup. The system is equipped with dual cavity laser system conjugated with an optical attenuator for volume illumination, a double-shutter CCD camera (1392×1040 quadratic pixels with 6.45 µm size), a high magnication optical epiuorescent microscope and a syringe pump. The ow images were recorded at normal, 2 × 1, 1 × 2 and 2 × 2 pixel binning modes of a monochrome CCD camera. A comparison of velocity vector patterns obtained in low level illumination experiments for four dierent pixel binning modes shows that pixel binning option signicantly increases the signal-to-noise ratio in particle image velocimetry recordings. A good agreement of experimental velocity proles obtained using cross-correlation analysis and sub-pixel interpolation scheme based on a Gaussian regression with theoretical calculated proles shows the consistency of the experimental results.
Introduction
Particle image velocimetry (PIV), a non-invasive, full eld optical measuring technique was introduced about 30 years ago [1] and became a dominant tool for visualisation and velocity measurement of uid in both macro and micro scales [26] . In traditional PIV experiments, the uid under the investigation is seeded with the tracer particles, which are shining under an excitation by a properly tuned laser light source. The idea behind the method is to precisely register position of corresponding particles in two dierent instances of time and then from these records ascertain particle displacements. From the overall displacement of particles between two consecutive image frames, the ow velocity can be estimated by Eq. (1.1) [7] :
V P ∼ = ∆X P /(M 0 ∆t), (1.1) where, ∆X P is the two-dimensional position vector in the image plane, M 0 is the optical magnication of particles in the image plane, ∆t is the time between two frames, and V P is the velocity vector of the particle or a particle set.
Micron resolution particle image velocimetry (micro--PIV) [8, 9] is a modication of PIV in order to address the small scales of microuidic devices. In the micro--PIV systems, the whole volume of the ow is illumi- * corresponding author; e-mail: basak.akselli@tubitak.gov.tr nated, where the eld of view and depth of focus of the microscope's objective dene the measurement volume.
In PIV applications, the upper limit of velocity measurements is bounded by certain system characteristics.
The dynamic velocity range (DVR) of the PIV system is determined by the maximum and minimum resolvable particle displacement [10] . The illumination level of excited light and the full frame rate of used camera play key role in dening the dynamic velocity range of the micro-PIV system.
The speed of conventional cameras is dened by the number of generated frames per second i.e. fps. The main components of one frame cycle are the integration time and readout time. The rst depends on the illumination level and light sensitivity of the camera. The second depends on the type of charge coupled device (CCD), number of pixels, and its readout mechanism. In CCD sensors, during the exposure time photon-generated carriers (electrons or holes) are accumulated in potential wells. After the exposure the photon generated charges are simultaneously shifted (parallel shift) to the storage wells (generally this process takes a few microseconds), and then the charges row by row (serial shift) are shifted to the sensor output.
Generally, the parallel shift is carried out within a few microseconds, while the serial shift depends on the number of rows and may take tens of milliseconds. In other words, in the interframe cameras the CCD readout time strongly depends on the number of rows.
(439)
One of the ways to increase the fps of these cameras is the binning process, which can manipulate the charge readout pattern. Binning is the process of combining multiple pixel charges in both the horizontal and vertical directions into a single larger charge called binned pixel or super pixel. This process is performed by specialized control of the serial and parallel registers in a CCD chip right after the exposure time. A charge of the super pixel is equal to the sum of charges of its underlying pixels. The advantage of CCD binning is that it increases the frame rate but it inversely decreases the spatial resolution of the CCD [5, 11] . Figure 1 shows an example of 2 × 1 horizontal binning and 1 × 2 vertical binning mechanism. 2 × 2 binning mode can be considered as consecutive combining of 1 × 2 and 2 × 1 binning modes. Fig. 1 . Schematic presentation of (a) 2 × 1 horizontal binning, and (b) 1 × 2 vertical binning mechanisms.
In the CCD binning process, the original image spatial resolution is decreased. On the other hand, frame rate, sensitivity, and signal-to-noise ratio are increased.
The benets of increased frame rate (i.e. DVR of PIV system), due to the binning option, were investigated in author's previous investigations [5, 6, 12] . In these investigations, it was shown that in traditional PIV measurements the binning option can increase at least twice the CCD frame rate, i.e. maximum assessable velocity.
However, the impact of binning option of double shutter CCD on the results of double-frame PIV is not yet studied. In the binning modes the signal-to-noise ratio (SNR) can be increased in two ways; rstly by combining charges from all individual pixels being binned together positively inuenced the signal level and secondly by reducing the number of charge transfers the readout noise is decreased.
In present investigations, the benets of employment of CCD binning option (in terms of increased sensitivity and SNR) in double-frame micro-PIV measurements were investigated.
A series of experiments on real microows inside a microchannel were performed at normal, 1 × 2, 2 × 1 and 2 × 2 CCD binning modes. The results show that at low level illumination micro-PIV experiments, cross--correlation calculations between double-frames are more eective in 1 × 2, 2 × 1 and 2 × 2 binning modes, than at CCD normal mode.
In next section, essentials of the double-shutter CCD camera in the frame of double-frame PIV experiments were briey described. Section 3 depicts the description of the used experimental setup. In Sect. 4, the measurement results and discussion were presented. Final conclusions were provided in Sect. 5.
Double shutter
The frame rate of the CCD depends on some external and internal parameters. Illumination level, spectral content of the emanating light, signal-to-noise ratio, performance of the imaging optics can be listed as some external parameters and spectral quantum eciency, well capacity are the internal parameters. The use of short duration illumination pulses permits the operation of frame-transfer or interline CCDs in a special mode known as double-frame wherein two images can be recorded in very short time interval (a few µs). This type camera is an alternative to high speed cameras. The triggering can be done either internally by the software or by an external trigger signal (Fig. 2) . In such cameras, the exposure of the rst image is adjustable by the double-shutter mode, but the exposure of the second one is automatically set equal to the sensor readout time. The charge of each pixel after rst exposure is immediately transferred to the shielded cells, where these cells act as memory elements. Since the photoactive pixels are empty, they can start capturing the next frame. While the charges of the rst frame are being transferred from the cells to the readout node of the sensor, the camera captures the second frame. After the readout process of the rst frame and also the exposure of the second frame is stopped, the charges of the second frame are transferred to the output node. During this time, the sensor is photo-inactive. At the end, two separated full frames (double-frames) with a very short interframing time is obtained, as shown in Fig. 1 . The interval between a series of double-frames is equal to one readout time order of tens of ms [13, 14] .
Experimental setup
In the experiments, laminar ows inside of a rectangle microchannel with cross-section 30 µm × 300 µm and a length 50 mm was investigated. The microchannels were made from borosilicate glass. During the experiments, one end of the microchannel was connected to a syringe pump using rubber tubing, and the other end to a reservoir tank. A programmable syringe pump (NE-1000, New Era Pump Systems, Inc.) is used for driving the ow. The measurements were done at various ow rates, which were adjusted to a desired value by changing the infusion rate of the pump. In the experiments, deionized Our micro-PIV system consists of a double cavity Nd:YAG laser system conjugated with an 1100× optical attenuator (NL-310 series, Ekspla) with a wavelength of 532 nm, a variable zoom lens (110×) conjugated with a microscope objective and a double-shutter CCD camera (PCO Pixely). In our experiments, Hirox OL-700II microscope objective was used (Fig. 3) . The laser beam was expanded and directed to the coaxial entrance of the microscope, and then focused onto the investigated part of the microchannel. The excited light of the microspheres (ltered out from laser illumination and background light with a long pass color lter) is captured by the double shutter CCD camera through the microscope system. The homemade image recording software was able to record a cycle of PIV images (200 frames) in the normal mode and at the 2 × 1, 1 × 2 and 2 × 2 binning modes. Just after nishing a cycle the captured frames were stored in uncompressed TIFF format to the hard disc storage, thereby avoiding any delay resulting from computer systems.
Experimental results and discussions
In this section, we describe our experimental results with the real ow, where eects of various binning modes to the accuracy of micro-PIV measurements were assessed. The micro-PIV experiments were divided into cycles, where each cycle was performed in three stages:
(1) beginning stage, where the ow images are captured using normal camera mode, (2) (Fig. 4) , (b) 2 × 1 binning mode (Fig. 5) , (c) 1 × 2 binning mode (Fig. 6 ) and (d) 2 × 2 binning mode (Fig. 7) . The maximum velocity is about 7.8 mm/s and corresponding velocity elds.
These images were captured in the middle section of the microchannel (approximately 15 µm from the wall), where the ow velocity is at its maximum for this conguration of the microchannel (30 µm × 300 µm). The velocity vector proles were obtained by employing a normalized cross correlation, where, for the best estimate of the particle displacements, a normalized cross--correlation function, dened as follows, was used [15] :
Since the peak in normalized cross correlation function (NCFF) is located at a discrete location, which is due to the discrete nature of Eq. (4.1), the displacement calculated using the normalized cross-correlation function is coarse. In order to increase accuracy of distance estimation in PIV, it is necessary to locate the correlation peak within sub-pixel accuracy. A variety of sub--pixel interpolation methods have been proposed in the literature [16, 17] . In Ref.
[18] a sub-pixel interpolation method, which accounts for non-axially orientated, elliptically shaped particle images or correlation peaks, is proposed.
The best t to the circular image shapes obtained by the normal binning image acquisition mode is 2D Gaussian interpolation [5] . In order to estimate sub-pixel displacement, a Gaussian surface is tted to the local neighborhood around the peak of the correlation function. The maximum of the interpolated Gaussian surface is located at ∆x, ∆y with respect to the index x 0 , y 0 of the correlation peak. Assuming that the correlation peak has a Gaussian-distribution shape, the accurate location of the correlation peak is x = x 0 + ∆x and y = y 0 + ∆y,
As noted in [6] any asymmetric binning mode introduces scale distortion to the output image. Any distortion in the image acquisition step, which does not aect the particle location information, can be overcome by determining the nature of this distortion and applying corresponding corrections.
At the vertical 2 × 1 binning mode the particle images and corresponding correlation peaks are oriented along the x axis and are deformed (by a 1:2 ratio). By applying two-dimensional regression, it can be shown that the sub--pixel location of the peak is reformulated as x = x 0 + ∆x and y = y 0 + ∆y/2, (4.5) where ∆x and ∆y are dened as in Eqs. (3) and (4), respectively [6, 12] .
In a similar way, for the horizontal, 1 × 2 binning mode, where particle images and corresponding correlation peaks are oriented along the x axis and are deformed (by a 2:1 ratio), the sub-pixel location of the peak is reformulated as x = x 0 + ∆x/2 and y = y 0 + ∆y. Finally, we have obtained the value for the ratio of 95 96% for the 2 × 2 binning mode. These results depicts that the CCD binning option can be used to increase the PIV image quality in most low illumination conditions. We compared the experimental velocity proles with u(y, z) = 16a
where Q is ow rate, a and b is the dimensions of the cross-section of a channel, µ is a kinematic viscosity.
Conclusions
The uncertainty components for PIV and micro-PIV are identical except the components for the dierent illumination techniques which are sheet for PIV and volume for micro-PIV. The denition of the eld depth is the major source of the error in micro-PIV measurements.
In literature there are several dierent denitions of eld depth. For the present investigations, the following equation [20] from the literature was used:
where n is the refractive index of the medium and NA is the numerical aperture of the objective lens. For the present measurements, the eld depth, according to Eq. (5.1), is equal to 4.8 µm. This implies that the intensity contribution of the particles out of this focus depth has no important inuence on the correlation function.
Interrogation volumes in the ow coordinates were the same for all binning modes and equal to 23.25 µm × 5.8 µm × 4.8 µm. The interrogation spots were overlapped by 50% to satisfy the Nyquist sampling criterion, which corresponds to 2.7 µm vector-to-vector spacing in the stream-wise-normal direction.
In the normal mode, 3 µm particle was resolved by approximately 4 pixels, which is in accord with the minimum requirement (46 pixels). In the binning modes, these values are about 23 pixels, which is still recommended in papers [21] . This is essential to obtain the location of a particle image correlation peak to within one tenth of the particle's image diameter [21] .
The error contribution due to particle diusion caused by Brownian motion along the x-axis is given by [21] : ε B = 2D/(u 2 ∆t), (5.2) where D is the Brownian diusion coecient D = kT 3πµd p . 
